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Summary 
 
This thesis outlines the use of plasma calcined mesoporous silica films to form 
hybrids for gas sensing applications by entrapping sensitive receptor molecules in its 
porous network. Quartz Crystal Microbalance (QCM) is used as the sensing platform on 
which mesoporous silica films are deposited using sol-gel technique. Argon plasma 
calcination, a low temperature process, is employed to gel the sol instead of conventional 
thermal calcination. Polymers and surfactants are used as templates for generating the 
mesoporous structure upon removal by plasma calcination. Field Emission Scanning 
Electron Microscopy, Energy Dispersive X-ray Analysis, Fourier Transform Infra Red 
Spectroscopy, Small Angle X-ray Scattering, Nuclear Magnetic Resonance, Time of 
Flight Secondary Ion Mass Spectroscopy, nano-indentation and nitrogen adsorption 
analysis are used to characterize the obtained films.  
QCM coated with silica hybrid films is tested as a gas sensor for selectively 
capturing target analytes. The higher surface area of the mesoporous silica film ensures 
the accommodation of more receptor molecules and subsequently more target analytes 
that enhance the QCM response and thereby the sensitivity. QCM Arrays (Quartz Crystal 
Array: QCA), fabricated using standard photolithography techniques, are coated with 
different sensing materials and are used to analyze complex mixture of target analytes. It 
is concluded that the sensitivity of the QCM/QCA is enhanced by depositing 
functionalized argon plasma calcined mesoporous films on the QCM/QCA electrodes. 
 
Keywords: QCM, QCM array, mesoporous silica film, silica hybrid, plasma calcination, gas sensor 
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Over the recent years, various sensing strategies have been defined to identify and 
quantify chemical and toxic gases. Since these gases have potentially fatal effects and the 
possibilities of exposure to humans is on the increase, there is an insatiable need for new 
functional materials and efficient sensing strategies. In order to mitigate the harmful 
effects of such gases, it is of utmost importance to design and fabricate gas sensors/sensor 
arrays with a higher sensitivity and selectivity. Sensitivity enhancement is critical because 
early detection of the presence of these harmful gases, which are hard to detect without 
sophisticated sensing strategies, can avoid catastrophe. 
Frequency domain sensors such as Quartz Crystal Microbalance (QCM), Surface 
Acoustic Wave (SAW), etc., have attracted increasing interests in chemical/bio chemical 
analysis owing to their advantages of “simple to use” and real-time measurements of the 
adsorption reactions without the need of labeled materials (conventional bio-assays rely 
on labels for final signal generation) [1,2].  These piezoelectric quartz sensors consist of a 
detector to recognize the signal of interest, a transducer to convert the input to an 
electronic output, and a read out system to display the electronic output signal. The 
sensitive receptor molecules deposited on the QCM electrode serves as the detector and 
the quartz crystal itself as the transducer, as it converts the mass change to an electrical 
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output. Finally frequency counters, which are inexpensive, are used for a digital readout 
of the frequency shift. 
These frequency domain sensors have been used as gas sensors, biosensors and 
also for environmental monitoring, for example to check for contamination of water, to 
determine the concentration of toxic gases in the test environment, etc. In these 
applications, the surface of the QCM electrode is coated with sensitive layers that can 
selectively bind to target gas molecules or bio molecules or contaminants in the tested 
samples. Therefore, on exposure to the test environment containing the target analytes, 
the mass of the crystal changes due to the adsorption of the target analytes on the QCM 
electrode resulting in a resonant frequency shift. The shift in resonant frequency is then 
correlated to the quantity of the target analytes. Chapter 3 describes the principle of QCM 
and the merits and demerits of using QCM over other resonators. 
The sol-gel method for depositing films on QCM electrodes is illustrated in 
Chapter 4. In this technique, the sol is coated on to the electrodes and subsequently gelled 
to form the porous network with high surface areas. Thermal calcination, the commonly 
adopted method, requires heating the sol to a temperature of around 350-600 °C for a few 
hours. This process is however not suitable for thin film preparation on quartz surface 
due to the degradation of the piezoelectric property of the quartz at high temperature. In 
addition, the sensitive layers would crack or tend to be non-homogeneous, as there exists 
a difference in the thermal coefficient of expansion between the quartz and the sensitive 
layer. Therefore, there is a need for a low temperature method to gel the sol on quartz 
surface. Argon plasma calcination technique, a feasible alternative low temperature 
gelation technique, is developed is this study and is described in Chapter 4. Chapter 4 
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also concludes that argon plasma calcination is a feasible alternative process to 
conventional thermal calcination.  
In Chapter 5, β-Cyclodextrin (β-CD) and triphenylphosphine (PPh3) have been 
incorporated with the silica network through physisorption and (or) chemical bonding to 
form hybrid materials for sensing applications. Hybrids that are sensitive to different 
target species are then deposited on the QCM electrodes. Chapter 6 demonstrates the 
enhanced gas sensing property of QCM deposited with functionalized mesoporous silica 
films. QCA fabrication and the influence of frequency interference between individual 
QCM in the QCA on the sensor response are described in Chapter 7.  
This thesis emphasizes the incorporation of argon plasma calcined sol-gel based 
mesoporous silica film/silica hybrids with the QCM/QCA for enhanced gas sensing. By 
depositing a porous film on the quartz electrode, the number of sensitive host receptor 
molecules per unit area of the QCM/QCA electrode is increased. Subsequently, more 
target analytes are adsorbed on the QCM/QCA electrode, which increases the frequency 
response of the QCM/QCA and thereby the sensitivity. It is concluded in Chapter 8 that 
the sensitivity of the QCM/QCA is enhanced by depositing argon plasma calcined 









QCM has been widely used for measuring small changes of mass deposited on its 
electrodes [1-11]. Although the QCM sensors have been proven to be versatile in various 
applications, one major disadvantage of the QCM based assays is the limited sensitivity 
associated with the flat electrode surface that limits the immobilization degree of the 
receptor molecules per unit area. To overcome this limitation, efforts have been made in 
using, for example, porous gold [3, 4] and gold nanoparticles [5] for a three-dimensional 
preparation of the electrode. The enhanced surface areas could then accommodate more 
receptor molecules and subsequently more target analytes that enhance the QCM 
response. In addition to the electrode surface engineering, fabrication of porous coatings 
on the QCM electrodes is also a promising way of enhancing the sensor performance. 
Porous silica [6, 7], porous carbon [8, 9] and porous polymer [10, 11], for example, have been 
used to provide higher surface areas for QCM gas sensing and moisture sensing. Among 
many porous materials, porous silica has drawn particular attention in materials research 
because of its chemical stability and well established chemistry for preparation [12]. High 
surface area films increase the number of available bonding sites for the target analytes 
and hence resulting in a higher frequency shift when compared to that of two dimensional 
flat electrodes. Mesoporous silica films have also been used to entrap sensitive materials 
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to form hybrids that can attract target species [13]. This porous network will also act as a 
filter, to filter out large contaminant molecules from the ambience reaching the sensitive 
receptor molecules in the silica matrix so as to enhance the signal to noise ratio.  
Sol-gel technique is increasingly adopted for preparing mesoporous silica thin 
films. Polymers and surfactants are used as pore generating agents and techniques such as 
thermal calcination [14], plasma calcination [13-18] and photo calcination [19] have been used 
for gelation. Recently, plasma calcination, a low temperature calcination process has been 
used as a calcination tool for removal of organic additives and generation of mesoporous 
films with sol-gel precursors [15, 17-18]. Compared to conventional thermal calcination, 
plasma calcination is more attractive due to the advantages of low processing temperature 
and shorter processing time, which would favor the preparation of mesoporous films on 
quartz disks with no risks of altering the piezoelectric property of the quartz crystal. 
It has been reported that oxygen plasma calcination is an aggressive process when 
compared to photo calcination and results in flawed coating over the substrates [15] .Since 
homogeneous films are needed to be deposited on the QCM electrodes, the oxygen 
plasma calcination may not be the best suited process. Hence, there is a need to explore a 
novel film deposition method, which could result in uniform films on the QCM 
electrodes. Therefore the focus of this thesis is to develop a novel film deposition method 
to deposit uniform films on QCM/QCA electrode surface for enhanced gas sensing.  
The frequency shift-mass change relationship of the QCM, as demonstrated by 
Sauerbrey [20], has been exploited during the past few decades for chemical and gas/bio 
sensing applications by depositing various receptor molecules on its electrodes [21-26]. The 
frequency shift, which is proportional to the mass adsorbed on the sensitive layer 
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deposited on the QCM electrode, is continuously monitored to identify and quantify the 
target analytes. An array of QCM has also been used to analyze a range of target analytes. 
Based on the data from individual QCM in the Quartz Crystal Array (QCA), the target 
















Quartz based sensors, like Surface Acoustic Wave (SAW) and Bulk Acoustic 
Wave (BAW) sensors have gained attention over the past few decades as these frequency 
domain sensors are accurate and reliable. The converse piezoelectric and piezoelectric 
property of the quartz crystal has been exploited in sensing. The quartz based sensors 
mainly consist of a quartz crystal that can resonate at a particular frequency, the resonant 
frequency, when subjected to alternate electric fields. These resonators with a wide range 
of resonant frequency are commercially available. The most commonly used quartz based 
sensor is the Quartz Crystal Microbalance (QCM).  
 
3.1 Quartz Crystal Microbalance 
 
Figure 3.1. QCM schematic 
As shown in Fig. 3.1, a quartz crystal microbalance consists of a quartz disk with 
two of its sides coated with metal electrodes. The crystal is excited to oscillation in 
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thickness shear mode by applying a RF voltage across the metal electrodes. Any mass 
deposition on the electrode surface tends to lower the resonant frequency of the quartz 
crystals. The resonant frequency shift (∆f) and the mass loading (∆m) are related by the 




                                                                                      Eq (3.1) 
where, A is electrode surface area, µq is shear modulus of quartz (2.947*1011 
g/cm s2 for AT-cut quartz crystal) and ρq, the density of quartz, (2.648 g/cm3). Equation 
3.1 is effective for thin, rigid and evenly coated films [32]. Disc-shaped, AT-cut 
piezoelectric quartz crystals are normally used in the QCM technique as the AT-cut is 
less sensitive to temperature variations. QCM is generally preferred over other 
commercially available resonators such as quartz cantilevers and tuning forks for the 
following reasons:  
¾ Easier and well established film deposition techniques such as spin coating by 
which thin and evenly coated films on the QCM electrodes could be obtained. 
¾ QCM is more robust when compared to other resonators. 
¾ Resonant frequency of QCM is higher when compared to other resonators and there 
exists a possibility to tune the resonant frequency just by varying the thickness of 
the crystal. 
¾ In case of quartz cantilevers, optimum results are obtained only when using optical 
detection of the cantilever movement and this is cumbersome to implement for 
multiple sensor arrays [33]. 
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¾ Commercially available tuning forks have a very low Q factor (around 5000) and 
such tuning forks cannot be directly applied to tuning fork array sensors. 
¾ The surface area available for deposition of the sensitive layer on the QCM 
electrode is comparatively higher than that of the quartz tuning forks and 
cantilevers. QCM is thus preferred in this study than the other resonators as one of 
the primary focuses of the work is to increase the surface area to accommodate 
more sensitive materials.  
 
3.2 QCM equivalent circuit/ Network Analyzer 
Fig. 3.2 shows the Butterworth Van-Dyke equivalent circuit that has been used to 
describe the near resonant characteristics of the quartz resonator [34]. The mass, spring 
and damper mechanical model of the quartz crystal could be represented by an electrical 
network of lumped parameter elements such as the inductive, capacitive and resistive 
components as shown in Fig. 3.2 [35]. 
 
Figure 3.2. Equivalent circuit of a quartz resonator 
The lumped parameter elements L1, R and C1 are correlated to mass change, 
energy stored and energy dissipated during the oscillation, respectively. These 
components represent the resonator’s mechanical resonance. C0 represents the static 
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capacitance associated with the metal electrodes deposited on either sides of the quartz 
blank. The electrical parameters of the QCM are measured with a network analyzer. 
Network analyzer continuously monitors the impedance of the quartz crystal between the 
specified frequency range. The resonant frequency of the crystal, the frequency at which 
the impedance is minimum, is then recorded using the network analyzer software.  
 The resonant frequency of the QCM could also be evaluated by QCM-energy 
dissipation method (QCM-D). The electrical impedance analysis instruments measure the 
change in frequency during the continuous AC feed whereas in the QCM-D technique the 
feed is turned OFF/ON periodically and the measurements are recorded directly from the 
freely oscillating crystal [36-38]. A Network Analyzer (S & A 250 B Network Analyzer, 
Saunders and Associates, Inc., USA) and a Q-Sense D 300 apparatus are used to measure 
the resonant frequency, f, by QCM electrical impedance method and QCM-D method, 
respectively.  
 The frequency change of 5 MHz QCM deposited with polymer coatings of 
different concentration is used to study the mass loading effect of the crystal by these two 
techniques. The quartz crystal is placed inside the measurement chamber of the Q-Sense 
apparatus, and the feed to the crystal is controlled via software. The drive amplitude was 
set to 0.5 V and the sampling frequency to 0.5 Hz. The resonant frequency, f, of the 
quartz crystal was then measured. The crystal is then connected to the network analyzer 
by means of 250-B test head to measure the resonant frequency.  
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 Figure 3.3 (a) and (b). Frequency shift Vs PS - Toluene Conc. 
  
 Polystyrene (PS) purchased from Sigma-Aldrich with molecular weight 4000 was 
dissolved in toluene to obtain solutions of different concentration (mg/ml). 5 MHz quartz 
crystals (Q-Sense AB) were spin coated on one side at 2500 rpm with the PS-toluene 
solution. After the evaporation of the toluene, thin, rigid layer of PS was formed on the 
gold electrodes deposited on the crystals. The resonant frequency of the coated QCM 
crystals, fp, was again measured by using the two methods. Fig. 3.3 (a) and (b) shows the 
resonant frequency shift, df (f-fp), against the concentrations of the PS-toluene solution 
measured by using NA and QCM-D methods, respectively. 
 In accordance with Eq 3.1, the resonant frequency shifts are proportional to the 
mass deposited on the QCM electrodes. Fig. 3.3 also shows that similar frequency shifts 
are obtained by these two methods. S & A 250 B Network Analyzer is used in this study 
to track the resonant frequency of the QCM as many electrical parameters of the crystal 
such as crystal inductance, capacitance, etc., could be measured simultaneously and also 
for its ease of operation. Inexpensive oscillators could also be used to track the resonant 
frequency of the quartz crystal. 
 
   23
Chapter 4 
Mesoporous silica films 
 
4.1 Sol – gel technique 
The sol-gel technology gained attention during the early 1980’s. Although the 
original idea of this technology was to develop an alternative method to produce glass, 
over the years, due to the pioneering works of researchers such as J. Livage, Florence 
Babonnea and G.W. Scherer, numerous applications of the sol-gel technique were 
demonstrated [39, 40]. The interesting aspect of the sol-gel technology has been the 
increased surface area of the obtained gel after calcination. Organic templates, organic 
additives and surfactants are often incorporated in the silica sol to tailor the porosity of 
the gel. During calcination process, the evaporation of the additives leaves behind a 
porous matrix with surface area proportional to the concentration or the molecular weight 
of the additives.  
For thin film preparations, the silica sol is coated on to the substrate and 
subsequently calcined by removing the pore liquid to form the porous network. The 
starting materials used in preparation of the sol are usually inorganic metal salts or metal 
organic compounds such as metal alkoxides. In a typical sol-gel process, the precursor is 
subjected to a series of hydrolysis and poly-condensation reactions to form a colloidal 
suspension, or sol [41]. When the precursor (TEOS/TMOS) is mixed with water, 
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hydrolysis and poly-condensation reactions initiate at numerous sites within the 
TEOS/H2O solution. When sufficient interconnected Si-O-Si bonds are formed in a 
region they respond collectively as sub micron colloidal particles, i.e., the sol [41]. 
 
Figure 4.1. Procedure for silica film deposition on quartz sensor by using sol-
gel technique 
 
In this study, silica sol was prepared through an acidic catalysis process as 
described before [42]. Fig. 4.1 illustrates the process of film deposition by using the sol-gel 
technique. In brief, the TEOS was diluted by absolute ethanol followed by addition of DI 
water and 0.1 M HCl as catalyst. The final molar ratio is: TEOS:ethanol:DI water:0.1 M 
HCl = 1:15:5:0.02. The two-phase system was agitated vigorously for 3 h and mixed with 
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an aqueous organic additive, Polyethylene Glycol PEG (Molecular weight 400) or 
cationic surfactant Cetyltrimethyl Ammonium Bromide (Molecular weight 364.5). The 
ratio between the additive (PEG or CTAB) and the silica is ~ 30% additive by weight. 
 
4.2 Silica film deposition 
Spin coating, dip-coating, Langmuir blodgett technique, drop coating and spray 
coating are the commonly used methods to deposit the silica sol on to solid substrate. In 
this study spin coating is used to deposit silica sol onto the QCM gold electrodes. Table 
4.1 shows the parameters used for spin coating. 
Table 4.1: Spin coating recipe 
RPM 1000 1500 2000 
RAMP 1 1 1 
TIME (s) 5 5 20 
 
4.3 Calcination 
Calcination is the term associated with the gelation process. In the conventional 
thermal calcination, after spin coating, the substrates are normally aged at 80 °C for 1 - 
48 h, and the temperature is gradually raised to 350 – 600 °C [43,44]. Thermo-calcination 
process is prone to cracks and discontinuities in the obtained films due to the stresses 
caused by the pore walls, as the pore liquid evaporates. The silica sol shrinks during 
gelation as the pore liquid evaporates. Therefore the evaporation rate of the pore fluid 
should be controlled to have a crack free smooth film. Thermo-calcination is a very slow 
process and may not be suitable for thin film preparations on quartz substrates. 
Furthermore, soft sensitive materials that cannot withstand higher temperatures cannot be 
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deposited by this approach. The above justifies the need for low temperature gelation 
process. This thesis emphasizes on an alternative calcination method, the plasma 
calcination method, to gel the sol.  
 
4.4 Argon plasma calcination 
A gas in which an appreciable number of atoms or molecules are ionized is 
referred to as plasma [45]. Inductive coupled plasma system is used in this study to 
generate and sustain the plasma. In this technique, plasma of gases such as nitrogen, 
oxygen, argon, etc., are typically used as reaction sources. In principle, the high-energy 
reactive species in plasma can react with the organic species [16], leading to the cross 
linking of the precursors (silicon alkoxides) and hence the formation of a solid network. 
The organic resultants are then in the form of gas and can be evaporated by the vacuum 
system. Comparing to conventional thermal calcination and other calcination techniques 
such as photo-calcination, which requires a few hours to obtain the gel [19], this technique 
is more attractive due to the advantages such as low processing temperature, short 
processing time and inexpensive laboratory equipment. These advantages make this 
technique a more suitable candidate for sol-gel film deposition on quartz substrates. 
Therefore there is a need to establish this thin film deposition technique in conjunction 
with QCM to develop sensors with higher sensitivities.  
The plasma calcination process is carried out using a Reactive Ion Etching (RIE) 
equipment. As shown in Fig. 4.2, the substrate coated with the silica sol/additive is placed 
on the cathode plate of the RIE equipment. Oxygen or argon molecules entering the 
plasma chamber are ionized by the RF induction coil. The generated oxygen or argon 
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ions are accelerated to the cathode plate due to the applied bias-voltage. The ions collide 
with the silica sol deposited on the substrate and readily react with the organic additives, 
cleaving the C-H, C-C bonds.  
 
Figure 4.2. RIE schematic 
  
 Oxygen plasma treatment is a chemical process in which oxygen radicals are 
formed and organic species are chemically oxidized. This process is, however, a bit 
aggressive and may not be suitable for some of the preparations, for instance, in the case 
of silica hybrids hosting metal nano-particles, the metal nano-particles will be oxidized 
by the oxygen radicals. Argon plasma treatment, on the other hand, is a physical process, 
in which ionized argon physically dislodges organic species. Hence, argon plasma 
calcination is used in this study to gel the silica sol. 
 
4.5 Organic template removal 
 The silica sol mixed with PEG is spin coated on Si wafer deposited with 100 nm 
gold and on the QCM electrodes with the spin coating recipe shown in Table 4.1. The 
coated Si wafer and QCM are placed inside the RIE chamber for gelation of the silica sol. 
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The RF coil ionizes the argon molecules entering the RIE chamber. The argon ions 
collide with the silica matrix and with the PEG organic template, cleaving C-H, C-H 
bonds and subsequently dislodging them from the silica matrix. Elimination of hydroxyl 
groups due to the heat generated by the collision of ions with the sol/PEG leads to the 
cross linking to silica matrix. Therefore, porous silica matrix is obtained by argon plasma 
calcination process. The RIE chamber base pressure was fixed to be 100 (mTorr), and 
varied silica network is obtained by varying the process parameters such as the plasma 
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Figure 4.3. SEM observation of the silica surface obtained using the plasma 
parameters of (a) 50 W, 180 s (b) 100 W, 180 s and (c) 200 W, 180 s. 
 
Fig. 4.3 shows the SEM morphology of the silica films generated with different 
plasma parameters. The samples were treated for 180 s with plasma powers of 50, 100, 
and 200 W. Disordered pores with wide diameter variations are obtained. The degree of 
porosity increases with the increase of processing time as well as the plasma power. This 
may be due to two possible reasons: one is that the longer processing time and higher 
power extract more PEG surfactant and other organic solvents from the sol films and 
induce condensation of the silica network. The other reason is probably related to plasma 
etching effect. It is known that, to a certain effect, the argon plasma can etch the silica 
surface [46]. This etching effect will be stronger with an increase of processing time and 
plasma power. Fig. 4.4 shows the cross sectional SEM image of a silica film prepared on 
oxidized (1 0 0) silicon substrate (plasma conditions: 200 W and time 300 s), which 
reveals the porous nature of the film. The film thickness ~500 nm could also be found.  
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Figure 4.4. SEM image of the cross section of silica film deposited on (100) oxidized 
silicon substrate with the plasma parameter of 200 W and 300 s 
 
 The colloidal or textural pores of the silica matrix can be seen from the TEM 
image of the obtained silica film (Fig. 4.5). Therefore, the silica porous matrix consists of 
the framework pores due to the elimination of the organic template and the colloidal 
pores of the silica matrix.  
 
Figure 4.5. TEM observation of silica gel 
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FT-IR and EDX analysis were carried out to elucidate the chemical structure of 
the plasma calcined silica films. Fig. 4.6 shows the EDX spectrum of the plasma calcined 
silica film obtained using a JOEL SEM JSM 5600 system. The presence of silica film on 
the QCM is confirmed by the Si and O peaks. 
 
Figure 4.6. Energy dispersive X-ray Analysis spectrum of plasma calcined silica film 
  
The evolution of Si–O–Si and C–H bonds was observed in order to evaluate the 
formation of silica and the removal of the organic content in the films. Fig. 4.7 shows the 
FT-IR spectra of the sol films prepared using argon plasma calcination and conventional 
thermal calcination (350˚C, 1 h). Similarities in spectra suggest the same chemical 
structure and composition are present in the silica films generated by the two methods. 
Therefore, plasma treatment could be used as the calcination tool instead of thermal 
calcination for depositing films using sol–gel technique. 
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Figure 4.7. FT-IR spectra of the sol-gel silica films prepared by (a) conventional 
thermal calcination and argon plasma calcination for 300 s at (B) 200 W (C) 100 W 
(D) 50 W 
 
Various organic species are observed in the FT-IR spectra of the silica films 
generated by plasma treatment (Fig. 4.7). The FT-IR spectrum A corresponds to the 
thermo calcined sample and curves B, C and D correspond to argon plasma treatment for 
300 s with plasma powers of  200W, 100W and 50 W, respectively. The FT-IR spectra 
consist of peaks at 793 cm-1 (νs, Si–O–Si), 1079 cm-1 (νs, Si–O–Si), 3313 cm-1 (O–H), 
2881 cm-1 (νs, CH2), 1673 cm-1 (absorbed water), 1564 cm-1 (str. C–O), and 1377 cm-1 
(wagging CH2). These peaks indicate that the silica networks are composed of Si–O–Si 
backbones and organic groups of CH2, OH, and C=O, etc. The main peak, at 1079 cm-1 
represents the superposition of Si–O–Si, Si–O–C and Si–CH2–Si vibrations. This peak 
became smaller with the increase of plasma power, indicating the decreased amount of 
the Si–CH2–Si and Si–O–C bonds in the films [47]. After the plasma treatment, the 
adsorption peaks between 1600 cm-1 and 1200 cm-1 (derived from the polymer additive) 
are remarkably reduced, indicating the removal of the organic additive. The evolution of 
O–H stretching vibrational peak at 3400–3750 cm-1 after plasma calcination indicates that 
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the hydroxyl groups are difficult to remove completely. A shift of the main peaks (Si–O–
Si/Si–O–C peaks) towards higher wave number at higher argon plasma power and 
processing time (~1051 cm-1 for 50 W, 300 s; ~1083 cm-1 for 100 W, 300 s; ~1089 cm-1 
for 200 W, 300 s with Ar flow rate 50 sccm) may be indicative of higher bond energies in 
the silica network caused by the higher degree of cross linking [42, 48]. 
The relationship between the film thickness and the plasma processing time under 
the same spin-coating parameters is shown in Fig. 4.8. The thickness of the films was 
measured by a surface profilometer. The thickness reduction with increased plasma 
power is due to the extraction of the pore liquids and also due to the etching effect. 
Similar results are obtained using higher plasma power with a fixed processing time. 
 
Figure 4.8. Relationship between the film thickness and the plasma processing time 
 
In small-angle X-ray scattering (SAXS) measurement, the two-dimensional 
spectra were radically averaged to obtain the scattering intensity, I(q), as a function of the 
scattering vector, q = (4π/λ) sin θ , where λ  is the incident X-ray wavelength (1.541 Å) 
and 2θ  the scattering angle between the incident and diffracted beam. The results show 
that in high-q region I(q) is directly proportional to q4, thereby satisfying the Porod’s law. 
This is in agreement with the previously published results [49]. The scattering peak, 2θ ~ 
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1.78, is broad and not well defined, indicating that the derived peaks do not have the 
high-order structure.  
In accordance with the Porod’s law, at high values of q for an ideal two-phase 
structure having sharply defined phase boundaries, the slope of ln [q3I(q)] versus q2 curve 
should be close to zero [49]. In this case, it is regarded that the distribution of the electron 
density in the silica skeleton and the pore region has novel difference. Therefore, the 
polymer surfactant, PEG, had been totally removed since the existing polymer will 
exhibit a different density fluctuation corresponding to the pore (air) and the skeleton 
region (silica), which can be deduced from the scattering intensity. Fig. 4.9 shows the 
relationship between ln [q3I(q)] and q2 (plasma parameters: 200 W and 180 s) and its 
corresponding linear fit. After the plasma treatment, it is found that the slope of the 
ln[q3I(q)] versus q2 curve is 2.01 and almost tends to zero in the high-q region, indicating 
that most of the surfactant PEG had been removed. This result is also confirmed by the 
FT-IR analysis. 
 
Figure 4.9. The curve of ln [q3I(q)] vs. q2 
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The silica films coated on silicon substrates were used for nitrogen isotherm 
adsorption analysis. Nitrogen sorption measurements were conducted for the sample 
treated at 200 W for 180 s. Before the measurements, the silica film peeled off from the 
substrate was degassed at 100 °C for 24 hours. The pore size and pore volume were 
estimated by the Barrett–Joyner–Helenda (BJH) method.  Pore diameters were estimated 
from the peak positions of BJH pore size distribution curves calculated from the 
adsorption isotherms. Fig. 4.10 and 4.11 shows the pore size distribution of the sample 
and the adsorption-desorption isotherm, respectively. The isotherm shown in Fig. 4.11 is 
a typical isotherm IV according to the classification standard issued by IUPAC, 
indicating that the sample is mesoporous [49]. The sample displayed a significant uptake 
of N2 at high relative pressure (P/P0 > 0.9), which is a signature of a high degree of 




Figure 4.10. Pore size distribution of the plasma treated silica films 
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Figure 4.11. Nitrogen adsorption isotherm of plasma treatment silica film  
 
4.6 Surfactant template removal 
Argon plasma calcination was also attempted to remove cationic surfactant. In 
this study, CTAB, ([C16H33N(CH3)3]Br: Molecular weight of 364.45) is used as the 
template, which is then removed by the argon plasma. The higher plasma power leads to 
the formation of films with reduced pore sizes. This observation is similar to that of 
thermal calcination, where the porous network shrinks due to the evaporation of the pore 
liquid [50]. Higher power extracts more CTAB surfactant and other organic solvents from 
the sol and therefore induces a condensed silica network and simultaneously reduces the 
thickness. The resulting film thickness (with the same spin-coating parameters and 
processing time) is 400 ± 98 nm, 290 ± 49 nm and 85 ± 3 nm with a plasma power of 50, 
100 and 200 W, respectively. The effect of the processing time also has a similar effect 
on the thickness of the silica films. The film thickness upon processing for 50, 180, and 
300 s using a fixed plasma power of 200 W is 185 ± 9 nm, 126 ± 20 nm and 85 ± 3 nm, 
respectively.  
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Figure 4.12. SAXS pattern of the silica films prepared by argon plasma calcination 
at (b) 50 W for 180 s and (c) 100 W for 180 s. The curve for the scotch tape without 
samples (a) is also recorded as a reference. 
 
The pore spacing and mesoporous structure of the films were studied by using an 
X-ray diffractometer with an incident X-ray wavelength k = 1.541 Å (Cu Ka) under the 
strength of 40 kV and 45 mA. The scattering data were collected in a continuous mode 
from 0.1˚ to 2.5˚ (2θ) with a sampling interval of 0.01˚, at a scanning rate of 1˚/min. The 
SAXS samples were prepared using a sample preparation procedure described previously 
[51]. In brief, the prepared films were peeled off from the substrates. A small amount of 
the peeled films was then sealed with a second tape to entrap the film. Fig. 4.12 shows 
the SAXS patterns of the silica films prepared by argon plasma calcination at 50 W for 
180 s (curve b) and 100 W for 180 s (curve c). As a reference, SAXS pattern for scotch 
tape without samples (curve a) was also recorded. Scattering peaks at 2d around 1.8˚ (d 
spacing ~ 5 nm) are observed for the silica samples. The broad and not well-defined 
peaks indicate that the films do not possess a high-order structure. It is observed that the 
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peak positions tend to shift slightly towards the right for the sample treated with higher 
plasma power, which is indicative of the reduction of the porosity. This observation is in 
agreement with an earlier report where reduced porosity of sol–gel titania films is 
observed with the increase of the calcination conditions [52]. 
Nitrogen adsorption measurements were conducted for the sample treated at 50 W 
for 180 s using the procedure described in Chapter 4.5. Fig. 4.13 shows the pore size 
distribution of the sample and the adsorption–desorption isotherm (inset). The BJH 
analysis shows that the sample exhibits a mean pore diameter (DBJH) of around 4 nm, 
which is in accordance with the SAXS results. The isotherm is a typical type IV isotherm 
according to the classification standard issued by IUPAC, which again indicates the 
presence of the mesoporous structure. 
 
Figure 4.13. N2 adsorption – desorption isotherm (inset) and corresponding BJH 
pore-size distribution curve of silica gel prepared by argon plasma calcination at 50 
W for 180 s. 
 
 Figure 4.14 shows the FT-IR spectra of the silica films treated by conventional 
thermal calcination process (350 ºC, 1 h) (curve a) and by argon plasma (200W) with a 
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processing time of 300 s (curve b). Prominent peaks in the FT-IR spectra are noticed at 
750 cm-1 (Si-O lattice vibrations), 1087 cm-1 (the stretch mode of Si-O-Si) [15], 1654 cm-1 
(absorbed water) [53, 54] shouldered by a small peak at 1700 cm-1 (R-CO-NH2), 2920 cm-1 
(C-H, methyl groups of the CTAB) [55, 15], and 3420 cm-1 (m, Amines: OH and NH str.) 
[56]. The formation of Si-O-Si is affirmed by the presence of the peaks at 750 cm-1and 
1087 cm-1. The removal of the organic contents and the absorbed water by thermo-
calcination process is ensured by the absence of C-H stretch peaks in the region of 2800 
to 3000 cm-1 [55, 15] and the absence of the peaks at 1654 cm-1, respectively.  
 
Figure 4.14. FT-IR spectra of the sol-gel silica films prepared by (a) conventional 
thermal calcination and argon plasma calcination at 200 W for (b) 300 s. 
  
 In general, similar FT-IR spectra reveal the similar chemical structure and 
composition in the silica films generated by the two methods, although a small peak at 
2916 cm-1 for some samples treated with plasma at low power and shorter processing 
time is observed. This small peak could be attributed to the residual organic contents in 
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the silica film. At higher processing parameters (200 W, 300 s), the intensity of this peak 
is barely detectable. Therefore it is concluded that the argon plasma could be used as a 
calcination tool for sol-gel thin film preparation.    
 
4.7 Mechanical properties of the silica film 
Table 4.2 shows the elastic modulus and hardness of the obtained silica films 
(both by thermal calcination and plasma treatment) acquired with a nano-indentation 
system. The measurements were based on the indentation load–penetration curves 
produced by the depth sensing indentation system. For each sample, the testing was 
carried out at 10 sites and the averaged value was used as the elastic modulus and 
hardness. It is found that the elastic modulus and hardness of the films progressively 
increases with the process parameters. After plasma treatment at 200 W for 300 s, for 
example, the film has a modulus and hardness comparable to the thermo-calcined sample 
treated for 1 h at 350 ˚C. When the plasma power is increased, the pore sizes reduce due 
to the shrinkage of the film. The condensed films show better mechanical properties as 
expected. 
Table 4.2 Nano-indentation results for thermo and plasma calcined silica films 
Argon Plasma calcination for 300 sec 
Property Thermal calcination at 350 °C for 1 hour 50 W 100 W 200 W 
Elastic Modulus (GPa) 12.84 ± 8.74 3.12 ± 1.52 5.60 ± 1.91 16.37 ± 6.85 
Hardness 0.36 ± 0.30 0.04 ± 0.03 0.10 ±0.05 0.36 ± 0.18 
 
From the above results it can be concluded that argon plasma calcination is a valid 
alternative process to the thermal calcination as the physical and chemical properties of 
the films obtained by both the techniques are quite comparable. Therefore, QCM coated 
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with the sensitive material by the sol-gel technique, calcined in plasma, could be the best-
suited platform for enhanced gas/bio sensing.  
The morphology of the silica film is highly influenced by the plasma parameters: 
plasma power and the processing time. As seen from the FT-IR spectra, broad peaks at 
around 3000-3400 cm-1 show that film calcined at very low parameters (50 W and 60 s to 
300 s) contains higher moisture content. Surface profilometer results show that very high 
process parameter (200 W, 60 to 300 s) results in silica film with reduced thickness, and 
hence lower the number of bonding sites. The SEM images shown in Fig. 4.3 also 
confirm that the etching effect becomes stronger at higher process parameters. Therefore, 
the films calcined at moderate process parameters (~ 100 W and 180 s) could be the best 
suited parameters for depositing film that are used to sense gas molecules.  
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Chapter 5 
Preparation and characterization of 
silica hybrids 
 
Formation of “hybrid materials” is an interesting field of research that uses sol-gel 
technique. Numerous organic-inorganic materials have been derived after the pioneering 
works of H. Schmidt in 1985 [39], who coined the word “Ormosils”, after being successful 
in the preparation of non-crystalline solids based on the formation of chemical bonds in 
the sol-gel solution between the inorganic and organic constituents. These composite 
materials lay the foundation for the gas/bio sensors, where the porous inorganic silica 
network hosts the guest sensitive organic materials that can selectively capture associated 
analytes. Various molecules have been trapped in the mesoporous silica network by 
techniques such as impregnation. In this technique, the porous silica matrix is, for 
example, soaked in the enzyme solution and the enzymes ooze into the porous network 
and are trapped in the pores of the silica film [57-61].  
Mesoporous silica have received much attention as promising host materials for 
guest molecules because of their uniform and large pore sizes, open pore structures, and 
their chemical and mechanical stabilities [62]. The morphology of the porous network 
plays an important role in the adsorption process. Sol-gel technique calcined by plasma 
would be the best-suited method of incorporating molecules and other soft materials 
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sensitive to target species of interest since it is a low temperature process. The 
incorporation of β-Cyclodextrin (β-CD) and triphenylphosphine (PPh3) for gas sensing 
application is discussed in this Chapter. 
 
5.1 Preparation and characterization of β-CD – Silica 
hybrid on QCM 
 
5.1.1 Cyclodextrin (CD) 
 
Cyclodextrins are truncated cone shaped molecules with 6, 7 or 8 glucose units, 
named α, β or γ-cyclodextrin, respectively. Cyclodextrin molecules could host a wide 
range of guest molecules in its hollow cavity. The inner diameter of the cavity, 
hydrophobic interactions and the weak Van der Waals forces are the factors that could 
decide the bonding between the β-CD and the guest molecules [63]. In this study, alkenyl-
β-Cyclodextrin (alkenyl-β-CD) is tethered onto the silica film through covalent linkages 
to identify and quantify gases in the test environment. This approach is advantageous in 
terms of high sensitivity and high stability when compared to the reported β-CD-QCM 
chiral sensors [64, 65] and gas sensors [66, 67], where the CD molecules were either 
physically adsorbed onto flat gold surface by spray coating/drop coating or chemically 
adsorbed on flat gold through thiol-based self assembly.  
 
5.1.2 β-CD - silica hybrid preparation  
 
AT-cut QCM crystals with polished gold electrodes (diameter 5.1 mm) were 
purchased from International Crystal Manufacturer (ICM, Oklahoma US). 
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Tetraethylorthosilicate (TEOS), ethanol, hydrochloride acid and PEG-400 were 
purchased from Sigma-Aldrich and used without further purification. These chemicals 
were used for preparing the silica films. Double-purified DI water was generated by a 
Millipore DI generator with resistivity of 18 MΩ⋅cm. β-CD, 3-mercapto-
propyltrimethoxysilane (3-MPTMS), 1, 6-hexanedithiol (1, 6-HDT), dimethylformamide 
(DMF), and allyl bromide were also purchased from Sigma-Aldrich. β-CD and DMF 
were dried to completely remove the moisture content prior to use. 
Fig. 5.1 is a schematic illustration of the preparation of β-CD silica film on QCM 
gold surface, including 3-MPTMS treatment of QCM for silica deposition (Step 1), 
thiolation of the silica film (Step2), and covalent incorporation of β-CD onto the silica 
matrix (Step 3). In order to ensure a strong attachment of silica film to the gold electrodes 
of QCM, the QCM disks, cleaned in piranha solution, were immersed in 50 mM of 3-
MPTMS solution in ethanol for 4 h. The spontaneous thiol-gold interaction ensures a 
self-assembly of the 3-MPTMS on gold that results in a silane functionality on the 
surface so that silica sol can bind steadily [68].  
The treated QCM was then either spin coated or impregnated with PEG doped 
silica sol (PEG/silica ~30mol %) for 4 h. The samples were then treated on a hotplate at 
80 °C for 20 min and calcined in the Trion Plasma Reactor. The plasma process took 
place in a capacitively coupled parallel plate reactor at a rf frequency of 13.56 MHz. The 
distance between the samples and the cathode was fixed to be 5 cm. The Argon flow rate 
was maintained at 50 sccm during the whole treatment. The plasma power and the 
processing time were fixed at 100 W and 180 s, respectively. 
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Figure 5.1. Schematic illustration of sol-gel silica film prepared on QCM through 3- 
MPTMS treatment of the gold electrode (step 1), thiolation of the silica film (step2), 
and covalent immobilization of the alkenyl-β-CD through alkenyl-propyl thioether 
linkage (step 3). 
 
5.1.3 Alkenylation of β-CD  
 
For covalent immobilization of β-CD onto the silica matrix, the β-CD molecules 
were modified through alkenylation of the hydroxyl groups of β-CD based on anti-
Markovnikov reaction conditions [69, 70]. In brief, 40 mg NaH suspended in 3 mL dried 
DMF was added to 6 ml β-CD DMF solution (1.1 mg β-CD) while stirring. 85 µL allyl 
bromide dissolved in 1 mL dried DMF was then dropped slowly to the above mixture and 
was stirred at 50˚C for 4 h to produce crude alkenyl-β-CD. The obtained product was 
purified through dialysis in distilled water followed by freeze-drying to remove un-
reacted allyl bromide and the by-product of NaBr.  
 In step 2, the plasma calcined silica film prepared on QCM was first thiolated by 
an impregnation in 100 mM 3-MPTMS in ethanol for 4 h. The thiolated silica-QCM was 
then annealed on a hotplate at 80 °C for 30 min, followed by impregnation with the 
purified alkenyl-β-CD for 4 h to form covalent linkages between the silica film and 
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alkenyl-β-CD [69, 70]. A 3-D matrix of β-CD molecules is obtained after a final annealing 
at 80 °C for 30 min, which are covalently bonded to the mesoporous silica film deposited 
on the QCM electrodes. 
 The establishment of the covalent bond between the purified alkenyl-β-CD and 
the thiol functionalized silica film could be understood from the FT-IR plot shown in Fig. 
5.2. The small peak at ~2540 cm-1 (SH stretching) [71, 72] in the curve B, corresponding to 
thiolated silica film, proves the presence of thiol group (R-SH) on the silica matrix. The 
inset in Fig. 5.2 clearly shows the absence of peak at 2540 cm-1 in curve A 
(corresponding to CD functionalized silica film), confirming that the hydrogen atom 
belonging to the thiol group has reacted with the modified CD, establishing the covalent 
bond between the silica film and the modified CD. 
 
Figure 5.2. FT-IR spectra of (A) β-CD on thiol layer (B) Thiol layer on Silica film. 
 
 
5.1.4 Characterization of alkenyl-β-CD functionalized silica matrix 
 
The purified alkenyl-β-CD was characterized by a Bruker AV-400 NMR 
spectrometer at 400 MHz at room temperature. The 1H NMR measurements were carried 
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out with an acquisition time of 3.14 s, a pulse repetition time of 2.0 s, a 30° pulse width 
and 4500-Hz spectral width. Samples for the NMR experiments were prepared by 
dissolving the formed alkenyl-β-CD in DMSO-d6.  
 
Figure 5.3. NMR spectrum of the modified alkenyl-β-CD. Sample was prepared in 
DMSO-d6. 
 
Fig. 5.3 shows the NMR spectrum of the synthesized alkenyl-β-CD, in which all 
proton signals belonging to both CH2=CH-CH2-and β-CD are confirmed [73]. As the C(2) 
and C(3) hydroxyl groups are more acidic than those at C(6) [74, 75], they react 
preferentially with allyl bromide in the presence of NaH. Therefore, most of the 
CH2=CH-CH2- groups were introduced in places of the hydrogen atom in the C(2) or 
C(3) hydroxyl group of β-CD. Upon alkenylation of the hydroxyl groups of β-CD, and 
due to the steric influence from the CH2=CH-CH2- group, the resonance peak at 4.83 ppm 
belonging to H-1 splits into two peaks, which are observed at 4.83 and 4.96 ppm, 
respectively. By comparing the integral of the H-1 peaks and that of the multi resonance 
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peaks between 5.08 and 5.38 ppm corresponding to the three protons from CH2=CH-, 
about one CH2=CH-CH2- group is introduced in each β-CD.  
 
Figure 5.4. SIMS spectra of (A) plasma calcined silica film prepared in step 1, (B) 
thiol functionalized silica film prepared at step 2, and (C) alkenyl-β-CD 
functionalized silica film prepared at step 3 as shown in Fig. 5.1. 
 
The β-CD functionalized silica films were analyzed by an ION-TOF SIMS IV to 
verify the presence of β-CD in the silica matrix. Spectroscopic analysis was carried out 
with 25 keV Ga ion gun on a raster area of 200 µm×200 µm and an acquisition time of 
200 s. Fig. 5.4 shows the SIMS spectra of the plasma calcined silica film (Fig. 5.1, Step 
1), thiolated silica film (Fig. 5.1, Step 2), and β-CD functionalized silica film (Fig. 5.1, 
Step 3). A sharp peak at ~1158 is noticed only for the β-CD functionalized silica film 
formed at step 3, which is assigned to the [MW+C2H2] fragments. This peak confirms the 
presence of β-CD on the QCM substrate.  
To evaluate the presence of β-CD in the silica network, the silica film formed at 
the step 3 was gradually sputtered and the carbon content along the film was 
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simultaneously monitored. Since the carbon content is high in β-CD and the presence of 
PEG is negligible, the measured carbon content in the film is attributed to β-CD in the 
network. Depth profiling was done by using a 25 KeV Ga+ ion beam at an analysis area 
of 100 µm x 100 µm and a 3 KeV 60 nA Ar+ ion beam at a raster area of 200 µm x 200 
µm (dual beam technique).  
 
Figure 5.5. Depth profile of alkenyl-β-CD functionalized silica film. (A) gold content, 
(B) carbon content, and (C) silicon content. 
  
Fig. 5.5 shows the SIMS depth profile of the β-CD functionalized silica film (Step 3). 
The carbon content (curve B) uniformly decreases from the surface of the film to the 
electrodes. Since the QCM was impregnated in the alkenyl-β-CD solution for 
immobilization, the surface of the film could bind more β-CD resulting in higher carbon 
content. Both physisorption and covalent bonding occurs at the interface between the silica 
film and the alkenyl-β-CD solution. The gradual decrease of carbon content confirms the 
diffusion of β-CD into the porous network. Since the surface of the silica film is covered by 
β-CD, it has to be eroded to reach the silica film. This justifies the drastic increase in the 
silicon content (curve C) near the surface of the film. The silicon content then remains fairly 
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constant till the gold surface is reached. Both silicon and carbon content decreases after 
~2800 s (corresponding to the film thickness) as the film is completely eroded, which is 
further confirmed by the increasing Au spectrum corresponding to the QCM electrode (curve 
A). 
5.2 Preparation and characterization of PPh3 modified 
silica matrix 
 
Triphenylphosphine (PPh3), C18H15P, is one of the commonly used phosphorous 
containing organic reagents. The affinity of phosphorous for oxygen has been exploited 
in many reactions such as Mitsunobu reaction [76] and Wittig reaction [77], etc. This strong 
P=O bond formation could provoke the use of PPh3 to sense alcohol vapors by depositing 
them on the QCM electrodes. The phosphorous atoms in the PPh3 deposited on the QCM 
could attract the hydroxyl group of the alcohol vapor introduced inside the chamber. 
Since only the P=O bond formation is involved in sensing, PPh3 could also serve as a 
potential sensitive material to discriminate between alcohol and benzene vapors. 
 
5.2.1 Preparation of PPh3 - silica hybrid on QCM 
 
Acetonitrile and PPh3 were purchased from Sigma Aldrich and used without 
further purification. Silica sol/PEG mixture (3:7 by weight) was added to 50 mg PPh3 
dissolved in 250 µL acetonitrile and sonicated for 1 hr. 1 µL of the mixture was then 
dropped on the cleaned QCM/QCA electrode and subsequently calcined at 250 ˚C to 
remove the solvent and PEG template.   
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5.2.2 Characterization of PPh3 - silica hybrid 
 
The FT-IR shown in Fig. 5.6 corresponds to thermo calcined silica film 
containing PPh3. The peaks at 1720 cm-1 and 840 cm-1 are attributed to the C-H out of 
plane bend, aromatic overtones of the phenyl groups of triphenylphosphine. The broad 
peak at 1100 cm-1 consists of  Si-O-Si (peak at ~1080 cm-1 νs, Si–O–Si) overlapped with  
Si–O–C and Si–CH2–Si vibrations, P=O (1250-1300cm-1) and P-O (P-O stretch: 990-
1050 cm-1). Phosphorous has the affinity to oxygen and hence it could attract and bind to 
oxygen from the environment. The small peaks at 2881 cm-1 (νs, CH2) and 2300 cm-1 (m, 
C≡N) correspond to residual organic contents of the PEG template and the solvent. The 
intensity of the hydroxyl group peak at ~3400 cm-1 (O-H stretch, ~3400 cm-1), template 
peaks at ~2880 cm-1 and the solvent peak at 2300 cm-1 are much smaller when compared 
to the Si-O-Si and PPh3 and hence it would have a negligible effect on the sensor 
response. 
 
Figure 5.6. FT-IR spectrum of the silica film containing PPh3 
 
Fig. 5.7 shows the SIMS depth profile of silica film containing PPh3. Carbon, 
gold and the phosphorous contents are monitored along the depth of the film to evaluate 
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the presence of PPh3 in silica matrix. Phosphorous content remains constant till the gold 
surface is reached along the depth of the film, which shows that the concentration of PPh3 
remains almost constant along the depth of the film. Since the gold signal increases at 
around 600 s, most of the silica film should have been etched away and hence the carbon 
and phosphorous signal gradually decreases along the depth of the film. 
 
Figure 5.7. SIMS spectrum of the silica film containing PPh3 
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Chapter 6 
QCM gas sensors 
 
 6.1 Introduction 
Over the recent years a wide range of gas detection techniques such as Chemi-
luminescence, SAW (Surface acoustic wave), BAW (Bulk acoustic wave), MOS (Metal 
oxide semiconductor) amperometric, voltametric, conducting polymer based sensor 
systems have been explored. When compared, each of this detection system has its own 
advantages and disadvantages. In this study, bulk acoustic wave (BAW) sensor systems 
are of interest as it is less sensitive to temperature variations (due to the AT cut of the 
quartz crystal) and more robust in terms of interface electronics and operation control 
when compared to other sensing techniques such as SAW devices [78]. QCM sensor 
platform also reduces the cost involved considerably when compared with the other 
sensing techniques.  
QCM deposited with mesoporous silica by thermo-calcination process has been 
used to sense various types of gases and alcohols by measuring the electrical response of 
the silica film with sensitive materials [79-81]. Additives such as PEG and CTAB have 
been added to the silica matrix [82, 83]. It has been reported that the incorporated PEG 
content has enhanced CO sensitivity of SnO2 films [82]. The sensitivity enhancement is, 
due to the high surface area of the silica layers obtained after removing the PEG from the 
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silica sol. However, low temperature calcination process is advantageous when compared 
to thermo calcination for the reasons mentioned earlier. Therefore, QCM, deposited with 
mesoporous silica film by plasma calcination process, for enhanced gas detection is the 
scope of this thesis and is discussed in this Chapter. 
  
6.2 Sensor response to benzene vapor 
QCM deposited with β-CD functionalized silica film (procedures described in 
Chapter 5) was introduced into a sealed gas chamber (approximately 8000 cm3). Upon 
attaining the stable resonant frequency, different concentrations of benzene are 
introduced into the chamber. The response of the QCM to benzene vapor was 
continuously monitored by a PC with the aid of LabVIEW interface software. In order to 
investigate the improved performance brought by the 3-D mesoporous silica films, 
alkenyl-β-CD was directly immobilized on a flat QCM without introducing the silica 
film. For this purpose, the QCM was impregnated with 100 mM 1, 6-hexanedithiol (1, 6-
HDT) for 4 h. The self-assembly of 1, 6-HDT on gold electrode ensured a thiol 
functionality on the surface with which alkenyl-β-CD was immobilized. Sensing 
performance of the flat β-CD-QCM versus the 3-D β-CD/silica-QCM was then 
compared.  
Fig. 6.1 shows the response of the QCM carrying β-CD functionalized 
mesoporous silica film (denoted as β-CD/silica-QCM) to different concentrations of 
benzene. The β-CD in the silica network adsorbs benzene through host-guest recognition, 
thereby increasing the mass of the crystal. As a result, the resonance frequency of the 
QCM decreases continuously with time till a saturated adsorption is reached. The 
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subsequent tracing back of the frequency value when the chamber is opened indicates the 
regeneration of the β-CD/silica film. Since the bonding between the β-CD and benzene 
molecules is relatively weak, the molecules tend to break away from the CD cavity and 
escape through the chamber outlet when the adsorption/desorption equilibrium is broken.  
 
 
Figure 6.1. β-CD/silica-QCM response to benzene at concentrations of 5 µL (curve 
B), 10 µL (curve C), 100 µL (curve D), and 500 µL (curve E) in an 8 L chamber. The 
reference curve (A) shows the negligible response of an uncoated QCM to 500 µL 
benzene at the same experimental condition. 
 
To estimate the sensitivity enhancement degree induced by the mesoporous silica 
film, a β-CD modified planar QCM (denoted as β-CD-QCM) was prepared. The sensing 
response of the planar β-CD-QCM is compared with that of the β-CD modified silica-
QCM (β-CD/silica-QCM). To distinguish the roles of the β-CD species and the porous 
silica in the frequency response, it is essential to assess the background adsorption of 
benzene by non-β-CD modified silica matrix (silica-QCM). Fig. 6.2 shows the responses 
of the β-CD/silica-QCM, planar β-CD-QCM, and silica-QCM (without β-CD) to 500 µL 
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benzene. It can be seen that a very low frequency shift is observed for silica-QCM 
without β-CD, indicating that very few benzene molecules settle onto the silica film. This 
slight frequency shift is mainly attributed to the possible physisorption between the silica 
layer and benzene molecules. β-CD/silica-QCM exhibits a higher frequency response to 
the gas vapor when compared to planar β-CD-QCM without mesoporous silica film. The 
increased response of the β-CD/silica-QCM is due to the presence of more β-CD 
molecules in the mesoporous silica network. Hence the number of bonding sites for the 
apolar benzene molecules is increased, which leads to a higher frequency shift. The 
additional advantage of depositing mesoporous film on QCM is that it could also act as a 
molecular sieve to filter out contaminants settling on to the sensitive layer, thereby 
contributing to the sensitivity enhancement. 
 
Figure 6.2. Comparison of sensor responses of QCM with β-CD modified silica-
QCM (β-CD/silica-QCM, curve C), β-CD modified planar QCM (β-CD-QCM, curve 
B) and non- β-CD modified silica-QCM (silica-QCM, curve A) to benzene vapor at 
500 µL in an 8 L chamber. 
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6.3 Sensor response to ethanol vapor 
The response of the β-CD/silica-QCM to ethanol vapors are also tested by using 
the similar approach described above. Fig. 6.3 shows an example where the β-CD/silica-
QCM and silica QCM (without β-CD) are exposed to 50 µL ethanol. The synergistic 
effect of the hydrophobic interior and the hydrophilic exterior of the β-CD could be 
responsible for the adsorption of the ethanol molecules onto the β-CD/silica–QCM 
surface.   
 
Figure 6.3. Frequency response of β-CD/silica-QCM and uncoated QCM to 50 µL 
ethanol in an 8 L chamber. The inset shows the stabilization of frequency response 
of the QCM before introducing the target analyte in the chamber. 
 
  
 The inset in the Fig. 6.3 shows that before the introduction of the ethanol vapor, 
the QCM oscillation drifts from a higher frequency to a stable value. This is a typical 
QCM stabilization response, indicating the relaxation of the oscillation when the QCM is 
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introduced in a certain environment. The reduction in resonant frequency during the 
stabilization could also be attributed to the possible cross sensitivity of the OH groups in 
the chamber environment. This potential cross sensitivity, however, would not affect the 
actual applications of the sensors, as a steep change in frequency is obtained only after 
the introduction of the ethanol vapors (or other target analytes) 
 
6.4 Frequency response summary and sensitivity 
enhancement 
Fig. 6.4 shows the summary of frequency responses of the β-CD modified QCM 
(with or without the silica film) to different concentrations of benzene and ethanol 
vapors. In the tested gas concentration range, the frequency shifts of the planar β-CD-
QCM upon adsorption of benzene and ethanol molecules are about the same. Considering 
the molecular weight of MW = 78 for benzene and MW = 42 for ethanol, the molar 
amount of the adsorbed ethanol is about twice of the molar amount of benzene in the 
planar β-CD-QCM. It is known that the inclusive ratio of benzene:β-CD is 1:1 and that 
for the smaller ethanol molecules could be 2:1 or more if considering the possible 
hydrogen bonds between β-CD and ethanol [67]. Hence, the obtained results concur with 
the size effect on the inclusive ratio.    
When comparing the frequency response between the planar and silica modified 
QCM, Fig. 6.4 shows that the β-CD modified QCM incorporated with a mesoporous 
silica film (β-CD/silica-QCM) adsorbed approximately three times the benzene 
molecules (and 4-5 times the ethanol molecules) as those adsorbed by the β-CD modified 
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QCM without the porous network (β-CD-QCM), indicating the enhancement effect of the 
3-D silica matrix. 
 
Figure 6.4. Frequency response of β-CD/silica-QCM and planar β-CD-QCM to 
benzene and ethanol vapor at different concentrations. 
 
To assess the reproducibility of the sensors, gas vapor adsorption experiments 
were repeated over time and the frequency variations are indicated in Fig. 6.4 as Y bar 
error along the Y bars representing the frequency shift showing that a variation of ~ <10 
% is obtained. Fig. 6.4 also shows that the sensitive material, β-CD has the affinity to 
both benzene and ethanol vapor, which explicitly introduces the issue of selectivity. 
Sensitive materials to a particular target analyte would have a cross sensitivity to other 
analytes, as in this case, β-CD molecules hosts hydrophobic molecules such as benzene in 
its hollow cavity and its hydroxyl groups simultaneously attracts target analytes 
containing hydroxyl molecules thereby responding to both. A feasible approach to 
eliminate cross sensitivities is discussed in Chapter 7. 
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Table 6.1: Frequency shift values of 10 MHz QCM coated with β-CD to different 
concentrations of benzene and ethanol vapors 
 
Table 6.1 shows the resonant frequency shift values of 10 MHz QCM coated with 
β-CD to different concentrations of benzene and ethanol vapors. Table 6.1 also shows the 
sensitivity enhancement of the QCM due to the incorporation of mesoporous silica film. 
At any concentration the sensitivity (Hz/ppm) of the QCM deposited with the 
mesoporous silica film is higher than the QCM without mesoporous silica film. As an 
illustration at a test concentration of 5 µL benzene (corresponding to 140 ppm) the 
sensitivity of the QCM without the mesoporous silica film has been enhanced to 3.5 









   61
Chapter 7 
QCM array sensors 
 
The sensitive materials deposited on the QCM electrode/mesoporous silica film 
often have the affinity to more than one target analyte. β-CD for example, has an affinity 
to benzene and hence could be used as a functional material to detect benzene. β-CD also 
responds to the other gas species for example, alcohol vapors, moisture, etc. In order to 
overcome this cross sensitivity, as shown in Fig. 7.1, an array of electrodes is deposited 
on a quartz blank to obtain a one chip, multi-channel Quartz Crystal Array (QCA). The 
area sandwiched between each pair of electrodes has the potential to function as an 
independent QCM. The electrodes in the QCA could be deposited with different 
functional materials that can attract different target analytes such as benzene, alcohol and 
moisture. The signals from the individual quartz sensor in the sensor array could then be 
analyzed to eliminate cross sensitivities.  
 
Figure 7.1. QCM array fabricated on quartz blank 
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7.1 QCM array fabrication 
 
Figure 7.2 (a) QCA fabrication procedure 
1. Quartz Crystal: Standard cleaning 
2. Spin coating of photo resist (PR) 
UV light 
3. PR exposure 
4. PR development 
5. Sputter deposition of Cr and Au layers 
6. Turn over the Quartz crystal 
7. Spin coating of photo resist (PR) 
UV light 
8. PR exposure 
9. PR development 
10. Sputter deposition of Cr and Au layers 
11. Stripping of PR and removal of 
unwanted of Cr and AU 
Legend: 
Quartz  PR PR (exposed) Cr Au 
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Figure 7.2 (b) QCA fabrication process flow 
 
Fig. 7.2 (a) and (b) show the QCA fabrication procedure and process flow, 
respectively. Gold electrodes (diameter 6 mm) were deposited on 5 MHz and 6 MHz AT-
cut quartz crystals (diameter 25.4 mm) using standard photolithography techniques to 
form the quartz crystal microbalance array. Up to 4 QCM were fabricated on a monolithic 
Quartz blanks are immersed in 3:1 
H2SO4:H2O2 at 120 ˚C for 20 minutes 
Blown dry with N2 
Spin coated with AZ7220 photo 
resist at 5000 rpm for 45 s 
Baked at 90˚ C for 30 minutes 
Mask alignment and UV exposure for 8 s 
at 11 mW/cm2 
Deposition of Cr (5 nm) and Au (100 nm) 
Developed in AZ developer for 30 s 
Immersed in Acetone for Cr/Au Lift-off 
Rinsed in DI water 
and blown dry with N2 
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quartz crystal. QCA with varying distances between the individual crystals were 
fabricated in order to study the frequency interference between them.  
 
7.2 QCM array frequency interference 
Frequency interference between individual QCM in a multi channel QCM has 
been studied before [84, 85]. The acoustic energy coupling between the individual QCM in 
the QCA is related to the distances between the QCM in the QCA and also to the 
frequency difference between the plated and un-plated portions of QCM [84, 85]. The 
influence of the oscillations of one QCM on the other in the QCA shown in Fig. 7.1 is 
detected by switching ON and OFF the other QCM in the array.  
 
Figure 7.3. Negligible frequency interference between the two QCM in the QCM array 
(distance between them is 4 mm) 
 
 
Fig. 7.3 shows that the resonant frequencies of the two-channel QCM (separation 
distance between the QCM, d = 4 mm), f1 and f2 represents the resonant frequency of 
channel A and channel B, respectively. The resonant frequency f2 does not change 
significantly when f1 is switched ON or OFF and vice versa, which implies that the 
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oscillation of one QCM is not affected by the other and hence negligible frequency 
interference between them. QCA with varying distances between them were fabricated 
and tested and QCA with d > 3 mm does not show significant frequency interference. 
Therefore QCA with d = 4 mm is used as the sensing platform to selectively identify 
target analytes. 
 
7.3 QCM array gas sensors 
QCA with two and four QCM have been functionalized with sensitive materials 
and have been used to detect target analytes. After the fabrication step, the QCM 
electrodes are cleaned with acetone, IPA and DI water followed by the piranha solution. 
Subsequently, the QCM channels are modified by introducing silica-hybrid as described 
in Chapter 5. In order to study the QCA frequency response, a two-channel QCM is used 
with one channel coated with β-CD or PPh3 - silica hybrid film and the other channel 
remain uncoated, serving as a reference. Subsequently a four-channel QCM is used with 
β-CD and PPh3 - silica hybrid on channels A and B, respectively. Channel C is deposited 
with mesoporous silica film and channel D, the unmodified QCM, serves as the 
reference. 
 
7.3.1 Two-channel QCA 
 
Figure 7.4 shows the silica hybrid film deposition procedure on the two-channel 
QCA. Firstly, the frequency response of PPh3 - silica hybrid coated QCA to benzene and 
ethanol vapors are recorded by using the two-channel QCA with one channel coated with 
PPh3 - silica hybrid and the other channel remains unmodified.  
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Figure 7.4 Silica hybrid film deposition procedure on the two-channel QCA 
Two-channel QCA: cleaned by acetone, 
IPA, DI water and piranha solution 
Channel B sealed by using scotch tape 
Spin coating of sensitive material – silica hybrid 
Silica hybrid deposition on two channels 
Argon plasma calcination: Silica hybrid film 
obtained on two channels 
Stripping of scotch tape  
Legend: 
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50 mg PPh3 dissolved in 250 µL acetonitrile is mixed with silica sol/PEG mixture and 
then deposited on one of the QCM electrode by drop coating and subsequently calcined at 
250 ˚C to remove the solvent and PEG template. 
The two-channel QCA with the sensitive material on one of the QCM is 
introduced in a gas chamber (chamber volume ~ 8 L). Different volumes of benzene and 
ethanol are then introduced in the gas chamber. Fig. 7.5 and Fig 7.6 show the frequency 
response of the QCA carrying PPh3 functionalized mesoporous silica film to different 
concentrations of ethanol and benzene vapor, respectively. The resonance frequency of 
the QCA decreases continuously when different ethanol/benzene vapors are introduced in 
the chamber. The sensor regeneration is achieved by heating the QCA to 80 ˚C to desorb 
the adsorbed volatile gases.  
The reference channel, the unmodified QCM could be used to monitor the 
influence of temperature and pressure. Since there is no significant change in the resonant 
frequency of reference channel, it could be concluded the there is no significant change in 
ambient temperature or pressure. Furthermore, it also confirms that the resonant 
frequency shifts of sensing channel are only due to the adsorption of the target analytes 
on to the sensitive layers. 
Secondly, the frequency response of β-CD - silica hybrid coated QCA to benzene 
and ethanol vapors are recorded by using the two-channel QCA with one channel coated 
with β-CD - silica hybrid and the other channel remains unmodified. The QCA is 
introduced in the gas chamber in which benzene and ethanol vapors were introduced. Fig. 
7.7 and Fig. 7.8 show the response of the QCA carrying β-CD functionalized mesoporous 
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silica film to different concentrations of benzene and ethanol vapors, respectively. β-CD 
hosts benzene molecules in its hollow cavity resulting in the resonance frequency shift.  
 
 
Figure 7.5. Frequency response of PPh3 functionalized QCA ethanol vapors  
   
 
Figure 7.6. Frequency response of PPh3 functionalized QCA to benzene vapors 
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Figure 7.8. Frequency response of β-CD functionalized QCA to ethanol vapors 
 
 
Fig. 7.9 shows the frequency response summary of QCA deposited with β-CD and 
PPh3 on one of the QCM. The dotted lines show the approximated linear range of the 
frequency response curves. The two-channel QCA with β-CD on one channel (channel A) 
and PPh3 on the other channel (channel B) could be used to discriminate benzene and 
ethanol vapors. Since the analytes are introduced in the chamber only after steady state 
condition, the frequency shift from the β-CD - silica coated QCM, fCD Hz, as shown in 
Fig. 7.10 should correspond to either completely ethanol vapors or completely benzene 
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vapors or a mixture or benzene and ethanol vapors. Then frequency shift from PPh3 
coated QCM, fPPh3, could then be used to approximately quantify the gas concentrations 
since the slopes of the frequency response curves are known.  
 
Figure 7.9 Two-Channel QCA frequency response summary 
 
Table 7.1 Frequency shift values of the two-channel QCA to different concentrations 
of benzene and ethanol vapors 
 
Table 7.1 shows the repeated measurements of the frequency response of the two-channel 
QCA to different concentrations of benzene and ethanol vapors. It can be seen from Table 
7.1 that the frequency shift error is approximately less than 10%.  
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Figure 7.10. QCA gas concentration evaluation 
  
From Fig. 7.10, as an illustration, if the frequency shift from the β-CD - silica 
coated QCM is fCD Hz then the frequency shift range for the QCM channel B deposited 
with PPh3 is approximately between f1 and f2. This is because fCD from channel A 
corresponds to either completely ethanol vapors inside the chamber (frequency shift of 
~f2 Hz from channel B) or completely benzene vapors inside the chamber (frequency 
shift of ~f1 Hz from channel B) or a mixture of benzene and ethanol vapors. Frequency 
shift from channel B could then be used to approximately quantify the gas concentrations 
since the slopes of the lines are known. Therefore, if C(e) and C(b) are the concentration 
of ethanol and benzene in the chamber, then, 
For sensor 1: C(e) * SeCD + C(b) * SbCD = fCD       Eq (7.1) 
For sensor 2: C(e)*SePPh3+ C(b) *SbPPh3 = (f1 to f2)    Eq (7.2) 
Where, SeCD and SbCD are slopes of the frequency response curves of QCM 
deposited with β-CD to ethanol and benzene vapors, and SePPh3 and SbPPh3 are slopes of 
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the frequency response curves of QCM deposited with PPh3 to ethanol and benzene 
vapors, respectively. Since the slopes of the frequency response curves are known (as 
shown in Fig. 7.10), the target analytes could be identified and quantified by analyzing 
the signals from the individual QCM in the QCA and the potential cross sensitivities 
could be simultaneously eliminated. 
 
7.3.2 Four-channel QCA 
 
The principle of the four channel QCA assay is illustrated in Fig. 7.11. For the 
four-channel QCM array channel A is deposited with β-CD and captures the target A 
(benzene molecules). As described in Chapter 6 it also captures interfering molecules 
such as alcohol vapors. QCM channel B is deposited with sensitive material that has an 
affinity to alcohol vapors, for example, SnO2, Polyvinyl Alcohol (PVA), PPh3 ,etc., and 
not to benzene vapors. Channel C is deposited with silica film to monitor the moisture 
content in the gas chamber. Channel D, is an uncoated QCM serving as the reference 
channel to eliminate the influence of environmental parameters such as temperature and 
pressure on the sensor response. Therefore, target analytes could be identified and 
quantified by analyzing the signals from the individual channels in the QCA and the 
potential cross sensitivities could be simultaneously eliminated.  
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Figure 7.11. QCA schematic 
 
Figure 7.12 shows the film deposition procedure on the four-channel QCA. β-CD 
functionalized silica film is obtained on one of the QCM (channel B) using the procedure 
described in Chapter 5. During this preparation, the remaining electrodes in the QCA are 
covered with a scotch tape. After plasma calcination process, the scotch tape is removed 
and the remaining electrodes (channel B, C and D) are cleaned with acetone, IPA and DI 
water followed by the piranha solution in order to remove any contamination from the 
tape. PPh3 dissolved in acetonitrile is mixed with silica sol/PEG mixture and the mixture 
is sonicated for 1 h. 1 µL of the PPh3/acetonitrile /silica sol/PEG mixture and 1 µL of the 
silica sol/PEG mixture is drop coated on channel A and channel C, respectively. The QCA 
is subsequently calcined at 250 ˚C to remove the solvent and PEG template. Channel D, 
the uncoated QCM, serves as the reference channel.  
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Figure 7.12 Film deposition procedure on the four-channel QCA 
Four-channel QCA: cleaned by acetone, 
IPA, DI water and piranha solution 
Three channels of the QCA  
sealed by a scotch tape 
 β – CD - Silica hybrid deposition on four 
channels 
Argon plasma calcination: β – CD - 
silica hybrid film obtained on Channel 
A and stripping of scotch tape  
PPh3 – silica hybrid drop coating 
on Channel B 
PPh3 – silica hybrid film obtained 
on Channel B by heating the QCA 
to 250 ºC 
Mesoporous silica film deposition 
on Channel C 
Spin coating of β – CD - silica hybrid  
Legend: 




PPh3 - silica 
hybrid 
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The frequency response of the four-channel QCA to 10 µL ethanol is shown in 
Fig. 7.13. The resonant frequency shift for channel A and B matches the frequency shift 
values from Fig 7.9 as only ethanol vapors are introduced in the chamber. Similar results 
are also obtained when only benzene vapors are introduced in the chamber. It can be seen 
from Fig. 7.13 that resonant frequency of channel C, deposited with mesoporous silica 
film is also reduced. Since the silica film is heated to 250 ˚C, the hydroxyl groups are 
completely eliminated from the silica matrix. Therefore, the silica film attracts the 
hydroxyl groups from the environment and also from the ethanol vapors thereby resulting 
in the resonant frequency shift. Since the ethanol vapors are introduced in the chamber 
after the steady state condition, the resonant frequency shift is mainly due to the ethanol 
vapors. Since there is no appreciable change in the resonant frequency of channel D it is 
confirmed that no significant change in ambient temperature or pressure.  
 
Figure 7.13. Four-channel QCA frequency response to 10 µL ethanol vapors 
Since the frequency response of QCA deposited with β-CD - silica and PPh3 - 
silica is known, four-channel QCA could be used to discriminate benzene and ethanol 
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vapors. Any unknown concentration of benzene or ethanol or a mixture of these two 
vapors could be quantified by substituting the resonant frequency shift values from 
channel A and B in equations 7.1 and 7.2. Channel C and D could be used to eliminate 
the influence of the environment of the sensor response. Similarly, various other target 
analytes of interest could be identified and quantified by appropriately functionalizing the 
mesoporous silica film. Fig. 7.14 shows the response of the four-channel QCA to 10 µL 
benzene. Channel A and B are deposited with β-CD and PPh3 functionalized mesoporous 
silica films, respectively. Channel C is deposited with mesoporous silica films and 
channel D serves as the reference channel.  
 
Figure 7.14. Four-channel QCA frequency response to 10 µL benzene vapors 
 
The 4-channel QCA response to a mixture of 50 µL benzene (~1400 ppm) and 50 µL 
ethanol (~2400 ppm) vapors is shown in Fig 7.15. As mentioned earlier, the frequency 
shift values from the β-CD and PPh3 coated channels could be used to quantify the 
concentration of individual analytes. The resonant frequency of the CD coated QCM is 
162 Hz. Using the linearized frequency response curves (Fig 7.10) and equations 7.1 and 
7.2, a frequency shift of 162 Hz corresponds to either ~3140 ppm ethanol vapors inside 
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the chamber (frequency shift of ~283 Hz from channel A) or ~7360 ppm benzene vapors 
inside the chamber (frequency shift of ~124 Hz from channel A) or a mixture of benzene 
and ethanol vapors. As seen from Fig. 7.15, the Frequency shift from channel A is 249 Hz 
which is between 124 Hz and 283 Hz. This concludes that there is a mixture of ethanol 
and benzene vapor inside the chamber. Since the slopes of the frequency response curves 
are known, the approximate concentration of individual analytes could be found by 
substituting the frequency shift values from channel A and B in equation 7.1 and 7.2. The 
concentration of benzene and ethanol inside the chamber is found to be ~1585 ppm and 
~2460 ppm. 
 
Figure 7.15. Four-channel QCA frequency response to a mixture of 50 µL benzene 
and 50 µL Ethanol vapors 




Mesoporous silica films have been deposited on QCM/QCA by  using argon 
plasma calcinations process. The removal of the additives such as PEG and CTAB during 
the calcinations process led to the formation of porous structured silica films. The FT-IR 
spectra and the mechanical properties such as modulus and hardness of the thermo-
calcined and plasma calcined silica films are comparable, hence, revealing the similar 
chemical structure and composition of the silica films generated by the two methods. 
Therefore, it is concluded that argon plasma can be used as a calcination tool for sol-gel 
thin film preparation. The time-saving and low temperature properties make this process 
more attractive when compared to the conventional thermo-calcination method.  
QCA with two to four channels has been fabricated on a monolithic quartz blank 
using standard micro-fabrication technique. QCM/QCA deposited with plasma calcined 
mesoporous silica films has been successfully tested as gas sensors. Sensitive materials 
such as β-CD, PPh3 have been incorporated with the silica network through covalent 
linkages and (or) physisorption for detecting benzene and ethanol vapors. It has been 
demonstrated that QCM/QCA coated with β-CD functionalized mesoporous silica films 
has a higher frequency response to benzene and ethanol vapors when compared to β-CD 
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modified planar QCM. This is because the total surface area is enhanced by the presence 
of the silica film.  
Since the film deposition process on QCM/QCA includes impregnation steps, the 
plasma calcined mesoporous silica film could also be used in the liquid environment, for 
example, liquid chromatography [86], food industry [87], etc. The stability of the porous 
matrix in the liquids is the crucial factor that decides the applicability of the plasma 
calcined silica film as a functional material for sensing in the liquid environment. 
Mesoporous silica films have also been used as the base materials for various other 
applications such as drug delivery, enzyme entrapment, toxic gas detection, etc. Therefore 
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Four-Channel QCA Using Mesoporous Silica Films For Gas Sensing Applications 
 
Al. Palaniappan, 1, 2, Xiaodi Su,* 1, Francis E. H. Tay, 2 
1Institute of Materials Research & Engineering, 3 Research Link, Singapore 117602 





A four-channel Quartz Crystal Microbalance Array (QCA) coated with silica hybrid films 
is tested as a gas sensor to identify and quantify target analytes. Plasma calcined 
mesoporous silica films have been used to form hybrids for gas sensing applications. 
Silica hybrids are obtained by incorporating various receptor molecules in the porous 
network through physisorption and (or) chemical bonding between the silica matrix and 
receptor molecules. FESEM, FT-IR, SIMS and nitrogen adsorption analysis are used to 
characterize the obtained films.  The frequency interference between the individual QCM 
in the QCA has been eliminated by appropriate positioning of the electrodes. It is 
concluded that the sensitivity and selectivity of the four-channel QCA could be enhanced 





Keywords: Multi-channel QCM, Quartz Crystal Array, Mesoporous silica film, Gas sensor 
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Journal of Electroceramics 
 




Functionalized mesoporous silica films for gas sensing applications 
 
Alagappan Palaniappan · Xiaodi Su · Francis E. H. Tay 
 
 
Abstract Mesoporous silica films prepared by sol gel process and argon plasma 
calcination have been used to form hybrids for gas sensing applications by entrapping 
sensitive materials in the porous network. Plasma calcination, a low temperature process, 
is employed to gel the sol instead of conventional thermal calcination. Polymers and 
surfactants are used as templates for generating the mesoporous structure upon removal 
by the plasma calcination. TEM, EDX and FTIR are used to characterize the obtained 
films. To demonstrate the gas sensing property of the functionalized silica films,10 MHz 
Quartz Crystal Microbalance (QCM) coated with β-cyclodextrin (β-CD) functionalized 
silica film is tested as a sensor for benzene vapor detection. The higher surface area of the 
mesoporous silica films could accommodate more receptor molecules (β-CD molecules) 
and subsequently more target analytes that enhance the QCM response. The sensitivity of 
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Publication 3 - Abstract 
 
Sensors and Actuators B, 
Vol. 119 (2006) 220 
 
Cyclodextrin functionalized mesoporous silica films on quartz crystal microbalance 
for enhanced gas sensing   
 
Al. Palaniappan, 1, 2, Xu Li, 1,  Francis E. H. Tay, 2, Xiaodi Su,* 1, Jun Li, 1 
1Institute of Materials Research & Engineering, 3 Research Link, Singapore 117602 
2 Mechanical Engineering Department, National University of University, 10 Kent Ridge Crescent Road, 
Singapore 119260 
 
We have attempted to enhance the detection sensitivity of frequency domain sensors such 
as Quartz Crystal Microbalance (QCM) by depositing a mesoporous silica film on their 
flat electrode surface. The mesoporous silica film is prepared using sol-gel process in 
combination with plasma calcination. To demonstrate the effect of mesoporous silica film 
on the sensitivity of the QCM, β-cyclodextrin (β-CD) is trapped in the mesoporous 
network to detect benzene vapors. To ensure a covalent immobilization, the β-CD 
molecules are modified through alkenylation of the hydroxyl groups and then 
immobilized on thiolated silica film using the anti-Markovnikov reaction. A Field 
Emission Scanning Electron Microscopy (FESEM) and nitrogen adsorption analysis are 
used to characterize the mesoporous structure of the silica film. NMR and a Time-of-
Flight Secondary Ion Mass Spectroscopy SIMS (ToFSIMS) are used to confirm the 
alkenylation of β-CD and the presence of β-CD in the silica network, respectively. The 
sensitivity of the QCM to benzene vapor is enhanced by the introduction of the 
mesoporous sensing film on the electrodes. 
 
 
Keywords: Mesoporous silica, QCM, β-Cyclodextrin, Gas sensor 
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Applied Surface Sciences, 
Vol. 245 (2005) 304. 
 
Mesoporous silica thin films prepared by argon plasma treatment of sol–gel-derived 
precursor 
 
Jian Zhang, *1, Al. Palaniappan, 1, 2, Xiaodi Su, 1 Francis E. H. Tay, 2 
1Institute of Materials Research & Engineering, 3 Research Link, Singapore 117602 
2 Mechanical Engineering Department, National University of University, 10 Kent Ridge Crescent Road, 
Singapore 119260 
 
Argon plasma is used to generate the mesoporous silica thin films from sol–gel-derived 
precursor. Poly (ethylene glycol) (PEG, MW = 400) is employed as the template, i.e., the 
pore-directing agent as well as the binder. The influence of the plasma parameters 
(plasma power and processing time) on the mesoscopic properties of silica films are 
investigated by scanning electron microscopy (SEM), FT-IR, low-angle X-ray scattering 
(SAXS), and nitrogen adsorption isotherm. It is concluded that the plasma treatment is a 
promising way to remove organic templates and generate mesoporous thin films. 
Compared to the conventional thermal calcination methods, the plasma treatment 
provides a promising low-temperature, low-cost and timesaving preparation process. 
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Publication 5 - Abstract 
Chemical Physics Letters 




Preparation of mesoporous silica films using sol–gel process and argon plasma 
treatment 
 
Al. Palaniappan, * 1, 2, Jian Zhang, 1, Xiaodi Su, 1 Francis E. H. Tay, 2 
1Institute of Materials Research & Engineering, 3 Research Link, Singapore 117602 
2 Mechanical Engineering Department, National University of University, 10 Kent Ridge Crescent Road, 
Singapore 119260 
 
This Letter demonstrates the first attempt of using sol–gel technique in combination with 
argon plasma calcination for the preparation of mesoporous silica films. CTAB is used as 
an organic template to generate the porous structure upon removal by the argon plasma 
treatment. Field emission scanning electron microscope, Fourier transform infrared 
spectroscopy, small angle X-ray scattering, N2-sorption experiment and nanoindentation 
technique are used for characterization. Results show that the obtained films have 
identical chemical structure and comparable mechanical properties with those prepared 
using thermal calcination. The plasma parameters have distinct influences on the 
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International Journal of Computational Engineering Science 
Vol. 4 (2003) 645. 
 
 
Electrical Impedance and Energy Dissipation Analyses of Quartz Crystal 
Microbalance for Polymer Coating 
Al. Palaniappan, * 1, 2, Jian Zhang, 1 Xiaodi Su, 1 Francis E. H. Tay, 2 
1Institute of Materials Research & Engineering, 3 Research Link, Singapore 117602 
2 Mechanical Engineering Department, National University of University, 10 Kent Ridge Crescent Road, 
Singapore 119260 
 
Electrical impedance analysis and energy dissipation methods are the two main 
methods to evaluate the damping behavior of the quartz crystal. The motional 
resistance of the quartz crystal, which can reflect the quality factor (Q), is monitored 
in the electrical impedance analysis and the dissipation factor (D), which is inversely 
proportional to the Q, is measured in the energy dissipation methods. A comparison 
of the Q from electrical impedance analysis, termed as “electrical Q” and from the 
energy dissipation methods, termed as “mechanical Q” is presented in this work. The 
damping behavior of 5 MHz QCM subjected to polymer coatings are studied by both 
methods. The resonant frequency, f, and Q before and after polymer coatings are 
measured using the network analyzer and a QCM-energy dissipation (QCM-D) 
instrument. The frequency shifts from both methods are quite comparable and the 
changes of the dissipation factor and the Q factor are also similar. Possible factors 
accounting for the Q change such as mass loading effect, evenness of the polymer 
coating, surface roughness of the crystal, are analyzed. The thickness range of the 
coating over which the QCM can be used as a platform for bio sensing is also 
discussed. 
 
Keywords:  QCM; Dissipation factor; Quality factor. 
 
